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A B S T R A C T
How and when a concept of the ‘self’ emerges has been the topic of much interest in developmental psychology.
Self-awareness has been proposed to emerge at around 18 months, when toddlers start to show evidence of
physical self-recognition. However, to what extent physical self-recognition is a valid indicator of being able to
think about oneself, is debated. Research in adult cognitive neuroscience has suggested that a common network
of brain regions called Default Mode Network (DMN), including the temporo-parietal junction (TPJ) and the
medial prefrontal cortex (mPFC), is recruited when we are reflecting on the self. We hypothesized that if mirror
self-recognition involves self-awareness, toddlers who exhibit mirror self-recognition might show increased
functional connectivity between frontal and temporoparietal regions of the brain, relative to those toddlers who
do not yet show mirror self-recognition. Using fNIRS, we collected resting-state data from 18 Recognizers and 22
Non-Recognizers at 18 months of age. We found significantly stronger fronto-temporoparietal connectivity in
Recognizers compared to Non-Recognizers, a finding which might support the hypothesized relationship be-
tween mirror-self recognition and self-awareness in infancy.
1. Introduction
The emergence of a child’s sense of self has long been a topic of
interest in psychology, but research has been limited because the sense
of self is difficult to operationalize empirically. There appears to be a
consensus that we are born with some ‘minimal’ sense of self that allows
us to interact with the environment (Zahavi, 2017), and empirical work
suggests that young infants have some rudimentary bodily self-per-
ception abilities (Filippetti et al., 2015). Many scholars have, however,
distinguished between different levels of self-awareness (Damasio,
1999; James, 1890; Neisser, 1988; Panksepp, 1998; Rochat, 2010) and
within the literature, there is an intuitive assumption of a distinction
between physical self-awareness and psychological or cognitive self-
awareness (Dennett, 1989; Gillihan and Farah, 2005; Howe et al.,
1993). Given that there are likely to be different levels on which one
could be said to be self-aware, it is still unclear how we should
characterize the kind of self-awareness that is indexed with classic tests
of self-awareness in infancy (Bard et al., 2006; Gadlin and Ingle, 1975;
Suddendorf, 2003). The still dominant means of assessing self-percep-
tion in infancy is the mirror self-recognition (MSR) task (Amsterdam,
1972; Rochat, 2003). In this task, toddlers’ behaviour in front of the
mirror is assessed after a red mark has been covertly placed on their
cheek. If the toddler touches the mark on their face, this is taken as an
index of physical self-recognition, suggesting that the toddler identified
something unusual in their own appearance. While younger children
placed in front of a mirror appear to perceive their specular image as an
extension of the environment, from around 18 months of age, toddlers
begin to show evidence of self-recognition, suggesting that at around
this age, they understand that what they see in the mirror is themselves
(Rochat, 2003). While, strictly speaking, the MSR task measures phy-
sical self-recognition, many have argued that recognizing oneself in the
mirror is an ability that reflects a broader conceptualization of the self,
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i.e. the capability to think about oneself as a particular individual with
specific physical and psychological features (Gallup et al., 2016;
Suddendorf and Butler, 2013), including elements of psychological self-
awareness. For example, success on the MSR test is associated with
empathy (Bischof-Köhler, 2012), as well as personal pronoun use and
pretend play (Lewis and Ramsay, 2004), each of which has been argued
to require self-awareness (Brandl, 2016). Self-recognition in the mirror
has also been associated with the use of symbols, with the mirror being
considered a symbol of the representations of one’s own body (Savanah,
2013). Furthermore, there is evidence that self-recognition in the
mirror is associated with memory (Harley and Reese, 1999; Howe et al.,
1993; Prudhomme, 2005). In one of these studies, researchers found
that infants who were classified as recognizers on the MSR exhibited
better memory for the location of a hidden object 12 months later, a
finding that is consistent with the hypothesized relationship between
cognitive self-representation and memory organization (Howe et al.,
1993) and consistent with the hypothesis that MSR indexes a cognitive
self-awareness. Nevertheless, despite being the dominant measure of
emerging self-awareness, there is still no general acceptance of the
claim that the MSR test reflects a developing self-awareness (for critics
see Heyes, 1994; Mitchell, 1993a,b), and some have argued that it may
instead reflect an understanding of the properties of mirrors (Loveland,
1986), or differences in the extent to which toddlers are either able or
motivated to touch the mark (Asendorpf et al., 1996).
Studying the development of self-awareness in toddlers is challen-
ging as they cannot report on how they process self-related stimuli.
Therefore, our current knowledge of early self-awareness is limited,
while much work in adult cognitive neuroscience has already made
significant progress in identifying the neural underpinnings of self-re-
lated processing. Specifically, a network of brain regions which is ac-
tivated during passive rest (i.e. resting-state) in the low-frequency range
(< 0.1 Hz), appears to be recruited during self-related processing
(Raichle, 2015). This so-called Default Mode Network (DMN), which
overlaps considerably with the social brain network (Mars et al., 2012),
is composed of the medial prefrontal cortex (mPFC), the precuneus, the
posterior and anterior cingulate cortex, the inferior parietal lobe (IPL),
the medial temporal lobe and the temporoparietal junction (TPJ)
(Davey et al., 2016; Greicius et al., 2003; Harrison et al., 2008; Mars
et al., 2012; Molnar-Szakacs and Uddin, 2013; Raichle, 2015; Schilbach
et al., 2008; Sporns, 2010). The DMN is thought to play a pivotal role in
several introspective and adaptive mental activities, such as auto-
biographical memory (Philippi et al., 2014; Yang et al., 2013), theory of
mind and mentalizing (Li et al., 2014; Mars et al., 2012), and planning
and envisioning future events (Østby et al., 2012; Xu et al., 2016). Self-
referential mental processing is the common feature of most of the
processes which elicit DMN engagement, suggesting that this network is
our ‘intrinsic system’ for dealing with self-related processing (Davey
et al., 2016; Golland et al., 2008; Molnar-Szakacs and Uddin, 2013;
Raichle, 2015; Sporns, 2010). Consistent with this idea, recent fMRI
studies have shown the engagement of core areas of the DMN in self-
processing tasks in adults (Davey et al., 2016; Kaplan et al., 2008;
Kelley et al., 2002; Kircher et al., 2000; Uddin et al., 2005). The fact
that the activity elicited by self-processing tasks is remarkably similar
to the activation of the DMN during rest, led to the hypothesis that
during quiet rest there is a shift from perceiving the external world to
internal modes of cognition (Buckner and Carroll, 2007). This has been
empirically supported by imaging studies demonstrating that DMN
activity at rest is positively correlated with participants’ reports of
mind-wandering and self-related thoughts (Mason et al., 2007;
McKiernan et al., 2006). Importantly, the DMN appears to be primarily
involved in psychological self-processing and less so in physical self-
recognition (Northoff et al., 2006).
To date, we know very little about the neural underpinnings of self-
awareness in the developing brain. However, given the debate sur-
rounding the validity of the MSR task as an indicator of self-awareness
beyond physical self-recognition (Suddendorf and Butler, 2013), in-
vestigating the relationship between the brain regions implicated in
adult self-awareness and self-recognition in the mirror in toddlers,
could inform this debate. Specifically, if it is the case that mirror self-
recognition reflects self-awareness beyond mere physical self-recogni-
tion, as is suggested by reported associations between MSR and em-
pathy and personal pronoun use (Bischof-Köhler, 2012; Lewis and
Ramsay, 2004), then we might expect those children who pass the MSR
test to have higher resting-state connectivity within their default mode
network. Furthermore, if the integrity of this network is associated with
successful mirror self-recognition, it would suggest that mirror self-re-
cognition is unlikely to be an artefact of motivation or understanding
the properties of mirrors. To our knowledge, the only study that in-
vestigated the neural substrates of the developing sense of self was
performed with structural MRI on 15 toddlers from 15 to 30 months of
age, focusing on the relationship between brain maturation and self-
representation (as indexed by the MSR task, other-directed pretended
play and use of personal pronouns) (Lewis and Carmody, 2008). This
study found that brain maturation in TPJ specifically was associated
with self-recognition in toddlers, suggesting a role for this area in the
emergence of self-awareness. Interestingly, a positive relationship be-
tween self-recognition and empathy (Bischof-Köhler, 2012) and be-
tween self-recognition and brain maturation in TPJ (Lewis and
Carmody, 2008) exist even after controlling for age, suggesting that
emerging self-awareness might not be explained by a general matura-
tion process. There are also several studies documenting the maturation
of the DMN during the first years of life (e.g. see Emberson et al., 2015;
Fransson et al., 2011; Homae et al., 2011), which suggest that the DMN
is adult-like by the middle of the second year of life (Gao et al., 2017),
consistent with success on the MSR at around this age. However, to
date, we do not know if self-awareness might be related to the maturity
of the DMN. The aim of the current study was to test this hypothesis.
Specifically, we investigated whether resting-state functional con-
nectivity (RSFC) between frontal and temporoparietal brain regions
was greater in 18-month-old toddlers who exhibited mirror self-re-
cognition compared with those who did not.
Functional near-infrared spectroscopy (fNIRS) has emerged as a
viable method for investigating RSFC in toddlers. fNIRS is a non-in-
vasive neuroimaging method, which allows the measurement of
changes in concentration of oxy-haemoglobin (HbO2) and deoxy-hae-
moglobin (HHb), indexing brain activation (Elwell, 1995; Hoshi, 2016).
Unlike fMRI, fNIRS has been widely used in task-related studies with
awake infants (Ferrari and Quaresima, 2012; Lloyd-Fox et al., 2010),
and consequently it is a method that can be used for acquiring resting-
state recordings under similar conditions to those used in studies in-
vestigating DMN involvement in self-related processing in adults. Ad-
ditionally, compared to other infant-friendly neuroimaging methods
such as electroencephalography, fNIRS offers clear advantages for as-
sessing functional connectivity because the light intensity measured at
the scalp level can be spatially localized with higher resolution.
Moreover, fNIRS also provides a relatively high temporal resolution of
the spontaneous fluctuations of the haemodynamic response, a valuable
feature in connectivity analyses (Lee et al., 2013). Indeed, previous
adult studies have used fNIRS to assess RSFC, suggesting it is a pro-
mising tool for this purpose (Lu et al., 2010; Mesquita et al., 2010).
However, due to the inherent properties of fNIRS, its use is limited to
the outer layers of the cortex. Therefore, in this study we measured
connectivity between frontal, temporal, and parietal brain areas, which
we will refer to as fronto-temporoparietal connectivity, as a proxy for
the DMN. The approach of studying some portions of the DMN as a
proxy for this network has also been adopted in studies with adults,
focusing in particular on the mPFC (Durantin et al., 2015; Liang et al.,
2016; Sasai et al., 2012) and on the parietal lobes (Rosenbaum et al.,
2017; Sasai et al., 2012).
In the current study, we employed fNIRS during a state of quiet
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restfulness to investigate the relationship between fronto-temporopar-
ietal functional connectivity, as a putative index of DMN activity, and
self-awareness as measured by the MSR task. Based on previous lit-
erature suggesting that mirror self-recognition reflects a cognitive
conceptualization of the self (e.g. Howe et al., 1993), and adult data
implicating the DMN in this process, we hypothesized that fronto-
temporoparietal connectivity, as measured by resting-state fNIRS,
would be greater in toddlers capable of self-recognition than in those
who do not show evidence of MSR.
2. Method
2.1. Participants
We acquired resting-state data from 43 18-month-olds (23 males,
age mean ± SD=553.11 ± 12.17 days). An additional 52 toddlers
were excluded because: (i) their dataset did not reach a minimum of
100 s of recording after behavioural coding (28 toddlers); (ii) they re-
fused to wear the fNIRS hat or the fNIRS headgear/hat was not well
fitted (18 toddlers); (iii) more than 30% of the channels had to be ex-
cluded due to poor light intensity readings (6 toddlers). For more de-
tails about behavioural coding and mean intensity readings per
channel, see Section 2.6.
All included toddlers were born full- term, healthy and with normal
birth weight. Written informed consent was obtained from the toddler’s
caregiver prior to the start of the experiment.
2.2. MSR and coding scheme
Prior to the fNIRS resting-state acquisition, self-awareness was as-
sessed with the MSR task (Amsterdam, 1972). This task took place in a
room with a mirror positioned against one of the walls. One experi-
menter focused on recording the testing session, she entered the testing
room first and hid behind the curtains to avoid interfering with the
testing session. A second experimenter first engaged the toddler in a
warm-up play session, and then redirected the toddler’s attention to the
mirror. Once the toddler had visually fixated the mirror image of his/
her face at least three times, the experimenter covertly applied a red dot
with lipstick on his/her cheek, while pretending to wipe the toddler’s
nose. After this, the experimenter again engaged the toddler in front of
the mirror, making sure that the toddler looked at him/herself at least
three times. The experimenter prompted the toddler to look at the
mirror by saying ‘Look there’ whenever necessary, but the only prompt
for self-recognition that was used was the question "Who is that?", for a
maximum of five times. This is a similar procedure used by other tod-
dler studies (Asendorpf and Baudonnière, 1994; Asendorpf et al., 1996;
Kristen-Antonow et al., 2015; Lewis and Carmody, 2008; Nielsen et al.,
2003; Zmyj et al., 2013). The experimenter used bubbles to engage the
toddler in playing, both before and after the red mark was placed (to
avoid any differences between the two parts of the test). The caregiver
was present in the room for the entire testing session, but was asked not
to direct the toddler’s attention to his/her image in the mirror and to
stay outside of the visual field reflected in the mirror, to prevent the
toddler from seeing the caregiver’s reflected image as a cue for self-
recognition. The experimenter also remained outside the mirror field of
view.
Two experimenters independently classified the toddlers as
‘Recognisers’, ‘Ambiguous’, or ‘Non-Recognisers’ based on their beha-
viours in front of the mirror after the red mark was placed, and they
agreed in 96% of the cases. Discrepancies were discussed until agree-
ment was reached. Participants were defined as ‘Recognisers’ if they
touched the cheek with the red mark, the nose or the other cheek. They
were classified as ‘Ambiguous’ if they said their name while looking at
themselves in the mirror but did not touch their face. All other beha-
viours fell in the Non-Recognisers category.
2.3. fNIRS recording and array configurations
fNIRS data was recorded using the UCL-NIRS topography system,
which uses two continuous wavelengths of near-infrared light (770 nm
and 850 nm) to detect changes in HbO2 and HHb concentration
(Everdell et al., 2005). Sampling rate of data acquisition was 10 Hz.
The toddlers were fitted with a custom-made NIRS headgear em-
bedded in a flexible cap (EasyCap) covering the temporoparietal and
frontal areas1 bilaterally in two very similar array designs. The first
array design included 12 sources and 12 detectors to create a total of 30
measuring points (channels) and it was used to test 20 out of the 43
participants; the second design included 16 sources and 16 detectors
that defined a total of 44 channels. The 44-channel configuration was
an extension of the 30-channel configuration and included two addi-
tional rows of optodes that added 7 channels per hemisphere, in a su-
perior location to the two existing lateral arrays (see Fig. 1). This al-
lowed us to improve detection of the spontaneous fluctuation over the
temporoparietal region, a core area of interest for this study, and it was
used to test 23 out of the 43 participants. Both configurations shared
the design and the location of the channels covering frontal, inferior
frontal and temporal regions (30 channels out of 44). The reduced
sample size of the participants tested with the 44-channel configuration
did not provide enough statistical reliability for the analysis performed
on the extended configuration. Therefore, in this study we included
results from the 30-channel configuration only, while results from the
44-channel configuration are presented in the Supplementary materials.
The EasyCap was made of soft black fabric, it was placed so that the
third lower optode of the temporal array was centred above the pre-
auricular point and that the two lower optodes of the frontal array
centred over the nasion. Two differently sized caps (48 cm and 50 cm of
circumference) were used to take into account variations in the tod-
dlers’ head circumferences.2 Source-detector (S-D) separation was
about 30mm over the frontal lobe and 25mm over the temporoparietal
lobe. Given that the cortex is approximately 0.75 cm from the skin
surface (Glenn, 2010) and based on studies on the transportation of
near-infrared light through brain tissue, these selected source-detector
separations were predicted to penetrate up to a depth of approximately
12.5–15mm from the skin surface, allowing measurement of both the
gyri and parts of the sulci near the surface of the cortex (Lloyd-Fox
et al., 2010). S-D separation increased slightly due to the stretch of the
cap on the head and also due to re-scaling based on the cap size. Table 1
lists information about S-D separation and number of toddlers included
in the analysis who were tested with each cap size. Fig. 2 shows an
example of toddlers wearing the two headgear configurations.
2.4. Resting-state data acquisition
The resting-state acquisition took place in a dimly lit and sound
attenuated room, with the toddler sitting on their parent’s lap at ap-
proximately 90 cm from a 117 cm plasma screen. To keep the partici-
pants awake and as quiet as possible, we showed them a screensaver-
like video with colourful bubbles accompanied by relaxing music
(Fig. 3). The parent was asked not to talk during the experiment to
avoid brain activation not associated with the spontaneous fluctuations
during a state of quiet restfulness. If the parent talked to redirect the
toddler’s attention to the screen or in case of fussiness or distraction, we
excluded the corresponding section of data from the recording (see
Section 2.6 for more details).
1 In order to infer more precisely the channel locations, we co-registered the
fNIRS array on MRI images (see Section 2.5 for more details).
2 Before the beginning of the study, participant’s head measurements (cir-
cumference, the distance between ears over the forehead, distance between
nasion to inion, distance between ears measured over the top of the head) were
taken to select the most appropriate cap size.
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In fMRI resting-state studies, adult participants are typically asked
not to think about anything in particular. However, recent studies have
shown that the use of non-social movies or videos helps to keep parti-
cipants awake, increases compliance, and helps avoid social or emo-
tional thoughts during mind-wandering3 (Anderson et al., 2011;
Cantlon and Li, 2013; Conroy et al., 2013; Sabuncu et al., 2010).
Likewise, previous studies have used non-social videos to acquire
resting-state with fMRI data in awake children (Müller et al., 2015;
Vanderwal et al., 2015; Xiao et al., 2016). In adults, consistency within
participants has been found between resting-state data acquired in a
stimulus-free context and data acquired during observation of non-so-
cial videos, suggesting that observing such videos does not influence
estimates of resting state connectivity significantly (Finn et al., 2017;
Vanderwal et al., 2015).
2.5. Co-registration of the fNIRS array
After the acquisition of the resting-state data, we logged the location
of fNIRS array using the Polhemus Digitising System (http://polhemus.
com/scanning-digitizing/digitizing-products/), if the participant was
still compliant. We registered five reference points (nasion, inion, right
ear, left ear, Cz4) and the location of the fNIRS optodes. This procedure
allowed to co-register the fNIRS array on MRI structural scans, in order
to infer more precisely the channels location. We selected the 10 best
digitized recordings, based on the accuracy of the points marked in
space compared to the optode locations in the pictures of the partici-
pant wearing the fNIRS cap that were taken after the recording (one
from the front and two from the sides). For each of these recordings, a
structural MRI of an toddler close in age with a similar head shape and
Fig. 1. Representation of the fNIRS arrays. Sources are marked with stars, detectors are marked with circles, channels are marked with black dotted lines and
numbered with blue circles. The red dotted lines highlight the additional rows of optodes that added 7 channels per hemisphere (results from the 44-channel
configuration are presented in the Supplementary materials).
Table 1
S-D separation and number of participants tested for each cap size.
cap size S-d temporoparietal lobe S-d frontal lobe Number of participants
48 cm 25mm 30mm 28/43
50 cm 26 mm 31 mm 15/43
3 Mind-wandering can affect resting-state functional connectivity differently
as shown by Chou and colleagues (Chou et al., 2017) 4 Based on the International 10-20 EEG placement system.
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size - based on head measurements collected before the testing session –
was selected from the Neurodevelopmental MRI Database of the Uni-
versity of South Carolina (https://jerlab.sc.edu/projects/
neurodevelopmental-mri-database/). The 10 fNIRS-MRI co-registra-
tions were averaged together to estimate the location of the brain re-
gions covered by the fNIRS array. The photon migration simulation was
calculated for each channel using MCX (Fang and Boas, 2009), which
estimates the paths of the photons from the source to the detector
through the cortex. A cut-off of 25% of the voxels surrounding the
spatial projection point was used to determine the anatomical label for
each channel. Table 2 lists the anatomical labels (LPBA40 atlas) and the
region of interest (ROI) associated to each channel belonging to the
array design described in Section 2.3. Fig. 4 provides a graphical re-
presentation of the brain areas covered by the fNIRS array.
In this study, the connections between the frontal and the tempor-
oparietal regions were defined as the connections between channels
over the mPFC (channel 27, 28, 29, 30) and channels that were more
closely identified over other regions belonging the DMN, such as the left
superior temporal gyrus (left STG, channel 5, 6, 7), the right superior
temporal gyrus (right STG, channel 18, 19, 20), the left middle/pos-
terior temporal gyrus (left PTG, channel 8, 10, 11, 13), the right
middle/posterior temporal gyrus (right PTG, channel 21, 23, 24, 26),
the left TPJ (channel 9, 12), the right TPJ (channel 22, 25).
2.6. Resting-state data pre-processing and analysis
Data analysis was carried out in MATLAB (Mathworks, USA). fNIRS
data were extracted for each participant from all the channels for both
HbO2 and HHb and we excluded channels with mean intensity lower
than 10−3 optical units, indicating bad optode-scalp coupling. This
threshold was dictated by the intrinsic characteristics of the UCL-NIRS
topography system and by and our own experience with this system
(Fig. 5,A).
Videos of the testing session were coded offline and periods during
which the toddler moved, cried, or looked at something socially enga-
ging (e.g. the parent or the experimenter) were marked as invalid, as
well as periods of time during which the parent or experimenter was
talking. The behavioural coding was performed with
Mangold-INTERACT software (https://www.mangold-international.
com/en/). To assess inter-coder reliability, videos of five randomly
chosen Recognisers and five randomly chosen Non-Recognisers parti-
cipants were blindly double-coded by another researcher. We found
high reliability between the two coders (k= 0.88).
Assuming 8 s to be the minimum amount of time it takes for the
toddler HRF to return to baseline levels (Lloyd-Fox et al., 2010; Taga
et al., 2011), 8 s of data across all the channels were excluded after each
invalid section, to ensure that we were only including periods of resting
state. Sections of valid data were included only if they were at least 5
consecutive seconds long (uninterrupted) (Fig. 5,A). After the beha-
vioural coding, time series for each fNIRS channel were extracted for
each participant and only participants who had at least 100 s of clean
data5 in total, and less than 30% of the channels excluded were in-
cluded in further analyses. The light attenuation values were band-pass
filtered (0.01–0.08) and converted to relative concentrations of hae-
moglobin using the modified Beer-Lambert law (Villringer and Chance,
1997). For each participant, the correlation matrix between all the
channels that survived pre-processing was calculated for both HbO2 and
HHb, resulting in a 30×30 matrix of R-values (Fig. 5,B). We then
Fig. 2. Pictures of the toddlers wearing the fNIRS cap. The first row represents the cap with the 30-channel configuration, and the second row the cap with the 44-
channel configuration.
Fig. 3. Still frames from the screensaver-like video shown during the resting-
state acquisition.
5 A recent study on children showed that as little as 1 minute of resting-state
fNIRS recording is sufficient to obtain accurate functional connectivity esti-
mation (Wang et al., 2017).
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applied Fisher z-transformation on the correlation matrix for further
statistical analyses. Pairs of functional connections were included in the
analysis only if at least half of the sample contributed data to the sta-
tistical tests (see Supplementary materials for the degrees of freedom of
the t-tests between the two groups in each connection).
For each pair of channels in our analysis, we calculated if the two
regions show reliable connectivity with a one sample t-test for the HbO2
and HHb signal. Then we calculated if connectivity is greater in the
Recognisers than the Non-Recognisers using an independent sample t-
tests in the HbO2 and HHb signal. For both of these, it is important to
have an appropriate correction for multiple comparisons. First, we as-
sessed for consistency between the HbO2 and the HHb signal, as this is
Table 2
Co-registration of each channel of the fNIRS array. The table shows anatomical labels (LPBA40 atlas) associated to each channel. Channels in bold are over the frontal
cortex, channels marked with * are over the temporoparietal regions.
Channel LPBA40 atlas ROI Channel LPBA40 atlas ROI
1 Inferior frontal gyrus,
Superior temporal gyrus
Left IFG 16 Inferior frontal gyrus Right IFG
2 Inferior frontal gyrus Left IFG 17 Precentral gyrus
3 Inferior frontal gyrus,
Precentral gyrus
Left IFG 18* Middle temporal gyrus,
Superior temporal gyrus
Right STG
4 Precentral gyrus,
Superior temporal gyrus
19* Supramarginal gyrus Right STG
5* Middle temporal gyrus,
Superior temporal gyrus
Left STG 20* Middle temporal gyrus,
Superior temporal gyrus
Right STG
6* Postcentral gyrus Left STG 21* Middle temporal gyrus Right PTG
7* Middle temporal gyrus,
Superior temporal gyrus
Left STG 22* Supramarginal gyrus Right TPJ
8* Inferior temporal gyrus,
Middle temporal gyrus
Left PTG 23* Middle temporal gyrus Right PTG
9* Supramarginal gyrus Left TPJ 24* Middle temporal gyrus
Inferior temporal gyrus
Right PTG
10* Middle temporal gyrus Left PTG 25* Angular gyrus Right TPJ
11* Inferior temporal gyrus,
Middle occipital gyrus
Left PTG 26* Angular gyrus, Middle occipital gyrus Right PTG
12* Angular gyrus,
Middle occipital gyrus
Left TPJ 27 Middle frontal gyrus, Superior frontal gyrus mPFC
13* Angular gyrus,
Middle occipital gyrus
Left PTG 28 Middle frontal gyrus mPFC
14 Inferior frontal gyrus,
Superior temporal gyrus
Right IFG 29 Middle frontal gyrus, Superior frontal gyrus mPFC
15 Inferior frontal gyrus Right IFG 30 Superior frontal gyrus mPFC
Fig. 4. A, Representation of the channels on a 2-year-old structural template. B, Schematic representation of the channels. ROIs are highlighted: red represents mPFC,
green represents STG, purple represents middle/posterior temporal gyrus, blue represents TPJ.
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an indicator of good fNIRS signal, ruling out possible artefacts of phy-
siological noise (Tachtsidis and Scholkmann, 2016). Secondly, we as-
sessed difference in connectivity between the two groups on ROIs (as
defined in Section 2.5), and significant results were corrected for
multiple comparisons using the False Discovery Rate (FDR) method
(Benjamini and Hochberg, 1995; Singh and Dan, 2006).
3. Results
Out of the 43 toddlers that contributed data to the RSFC analyses, 18
were classified as Recognisers and 22 as Non-Recognisers. Only 3 partici-
pants were classified as Ambiguous, and given the small size of this group,
we focused our analysis only on toddlers who clearly fell into the Recogniser
and Non-Recogniser categories. There were no significant differences be-
tween the two groups in parameters that could potentially affect resting-
state, such as age (Recognisers: mean=555.44 days, range=534–571
days; Non-Recognisers: mean=550.54 days, range=527–568 days; t
(38)=1.18, p=0.24) and total length of the dataset after cleaning
(mean ± SD Recognisers=164.65 ± 69.23 s, mean ± SD Non-
Recognisers=187.03 ± 61.61 s; t (38)=1.08, p=0.28).
Previous research with adults has explored the relationship between
HbO2 and HHb in fNIRS resting-state data, and revealed a comparable
pattern of spontaneous fluctuation of the two signals (Lu et al., 2010;
Mesquita et al., 2010; Niu and He, 2014; Niu et al., 2011; White et al.,
2009), with less connections in the HHb signal than in the HbO2 signal
(Lu et al., 2010). Therefore, prior to any further analyses, we tested the
consistency of the connectivity patterns between the HbO2 and HHb
signal, by performing one sample t-tests on the Fisher-transformed
correlation coefficients on both signals in the whole sample. Fig. 6
shows fronto-temporoparietal connections that were significantly dif-
ferent from zero in the whole sample, for both HbO2 and HHb. Sig-
nificant functional connections within the rest of the channels were also
plotted to assess consistency between HbO2 and HHb not only limited
to the fronto-temporoparietal areas but also between the rest of the
channels.
The functional connections significantly different from zero in the
HbO2 and in the HHb signal revealed comparable patterns in terms of
location and number of connections between the two signals. In fact, 1
out of 2 connections in the HHb signal overlap with those in the HbO2
signal within the fronto-temporoparietal regions, and 44 out of 56
connections in the HHb signal overlap with those in the HbO2 signal
within the rest of the channels.
In order to test our hypothesis that there should be greater func-
tional connectivity between the fronto-temporoparietal regions in
toddlers who exhibited self-recognition compared to those who did not,
we compared the Fisher-transformed correlation coefficients of
Recognisers and Non-Recognisers using independent sample t-tests.
Driven by our hypothesis, the main interest was to compare Recognisers
and Non-Recognisers on the fronto-temporoparietal connections – as a
proxy for the DMN. To assess that differences in functional connectivity
between the two groups are specific of regions belonging to the DMN,
we compared functional connections between Recognisers and Non-
Recognisers within the rest of the channels as well. Fig. 7 shows con-
nections that were significantly different between the two groups
within both the HbO2 and the HHb signals (p < 0.05, uncorrected). All
the pairs of functional connections were analysed, as long as more than
half of the sample for whom data was collected over those channels
contributed to the statistical tests. See Supplementary materials for the
degrees of freedom of the t-test between the two groups in each con-
nection and for the difference in connectivity between Recognisers and
Non-Recognisers extended to the 44-channel configuration from which
we recorded data in 23 participants.
Within the fronto-temporoparietal region, 8 connections were
stronger in the Recognisers than in Non-Recognisers in the HbO2 signal,
and 4 in the HHb signal. 3 out 4 connections that are stronger in the
Recognisers than in the Non-Recognisers in the HHb signal overlap with
those in the HbO2 signal. Only 1 connection was stronger in the Non-
Recognisers than in Recognisers in the HbO2 signal, and 1 in the HHb
signal, but they did not overlap. To increase the power of our analysis
and reduce the number of multiple comparisons, we performed the
independent sample t-tests on the ROIs (as defined in Section 2.5). To
ensure statistical reliability, significant results were corrected for mul-
tiple comparisons using the FDR method (Benjamini and Hochberg,
1995; Singh and Dan, 2006). In the HbO2 signal, Recognisers showed
stronger connectivity between the mPFC and the right TPJ, t
(38)= 2.67, p=0.01, and right PTG, t (38)= 3.82, p < 0.001, than
the Non-Recognisers. Both these connections survived the FDR correc-
tion for multiple comparisons (p=0.04 and p=0.001, respectively).
In the HHb signal, there was no significant difference between Re-
cognisers and Non-Recognisers.
Within the rest of the channels, 13 connections were stronger in the
Recognisers than in Non-Recognisers in the HbO2 signal, and 4 in the
HHb signal. 1 out 4 connections that are stronger in the Recognisers
than in the Non-Recognisers in the HHb signal overlap with those in the
HbO2 signal. Only 1 connection was stronger in the Non-Recognisers
than in Recognisers in the HbO2 signal, and 6 in the HHb signal, but
they did not overlap. To increase the power of our analysis, we assessed
the difference in functional connectivity between ROIs within and
Fig. 5. A, Representation of the fNIRS resting-state data acquired. In the lower part of the figure, a red box marks channels excluded from the analysis because of a
mean intensity lower than 10−3 optical units. On the remaining channels, red windows mark chunks excluded based on the behavioural coding. The grey windows
represent the 8 s of additional data excluded after each invalid section. B, Correlation matrix of 30× 30 channels. Blue lines indicate channels that were excluded
because of the pre-processing (the diagonal blue line indicates the correlation of the channels with themselves).
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outside the DMN. The DMN network was composed of connections
between the mPFC left and right STG, left and right left middle/pos-
terior temporal gyrus and left and right TPJ (as specified in Section
2.5). Connections outside the DMN were tested inter-hemispheric be-
tween IFG, STG and middle/posterior temporal gyrus. In the HbO2
signal, a repeated measures ANOVA with network (DMN vs outside the
DMN) and hemisphere (right vs. left) as a within-subjects factors and
group as a between-subjects factor (Recognisers vs Non-Recognisers),
showed a non-significant interaction between network hemisphere and
group, F(38)= 2.95, p= 0.085. We included hemisphere as an
Fig. 6. Graphical representation of the one
sample t-tests in the whole sample within the
fronto-temporoparietal regions and within the
rest of the channels. HbO2 is plotted in red,
HHb is plotted in blue. A, fronto-temporopar-
ietal connections, HbO2 signal; B, fronto-tem-
poroparietal connections, HHb signal; C, Rest
of the channels, HbO2 signal; D, Rest of the
channels, HHb signal. Connections that are
significantly different from zero both in the
HbO2 and the HHb signal are plotted in black.
Fig. 7. Graphical representation of the differences in fronto-temporoparietal connectivity between Recognisers and Non-Recognisers. A, fronto-temporoparietal
connections, HbO2 signal; B, fronto-temporoparietal connections, HHb signal; C, Rest of the channels, HbO2 signal; D, Rest of the channels, HHb signal.
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additional within-subjects factor as analysis on a channel-based showed
differences in connectivity between the two groups predominantly in
the right hemisphere. As the repeated measures ANOVA showed a trend
towards significance, we performed a repeated measures ANOVA with
network (DMN vs outside the DMN) as a within-subject factors and
group as a between-subjects factor (Recognisers vs Non-Recognisers)
per each hemisphere. There was a significant interaction between net-
work and group in the right hemisphere, F(38)= 7.87, p=0.008, but
not in the left hemisphere, F(38)= 0.198, p= 0.659. Finally, we fol-
lowed up these ANOVAs with independent t-tests between Recognisers
and Non-Recognisers. The Recognisers showed significantly stronger
connectivity than Non-Recognisers in regions belonging the DMN on
the right hemisphere, t(38)= 3.14, p=0.003 but not on the left
hemisphere t(38)= 0.038, p=0.201. There was also marginally sig-
nificant greater connectivity in the Recognisers compared to Non-Re-
cognisers outside the DMN in the right hemisphere, t(38)= 1.99,
p=0.075 and not in the left t(38)= 0.054, p= 0.297.
We followed the same pipeline of analysis for the HHb signal. A
repeated measures ANOVA with network (DMN vs outside the DMN)
and hemisphere (right vs. left) as a within-subjects factors and group as
a between-subjects factor (Recognisers vs Non-Recognisers), showed a
non-significant interaction between network, hemisphere and group, F
(38)= 1.10, p=0.029. The follow-up ANOVA by hemisphere showed
a nearly significant effect in the right hemisphere, F(38)= 3.42,
p=0.07, and a significant effect in the left hemisphere F(38)= 14.41,
p=0.001. The Recognisers showed nearly significant stronger con-
nectivity than Non-Recognisers in regions belonging the DMN on the
right hemisphere, t(38)= 1.82, p=0.073 but not on the left hemi-
sphere t(38)= 1.41, p=0.166. Non-Recognisers showed significantly
greater connectivity outside the DMN the left hemisphere, t(38)=-2.62,
p=0.012, but not in the right t(38)=-0.197, p=0.845.
4. Discussion
While investigating the ontogeny of self-awareness remains chal-
lenging (Zahavi and Roepstorff, 2011), one important way of moving
this field of study forward is to develop new indices of self-awareness,
that can complement and add validity to the mirror self-recognition
task. While it has been claimed that the MSR test indexes toddlers’
emerging self-awareness (Gallup et al., 2016), beyond mere physical
self-recognition, there is still no general agreement that this is the case.
To date, our confidence in the MSR test as a measure of emerging self-
awareness is limited by both a lack of alternative age-appropriate self-
related tasks against which performance on the MSR can be compared,
and alternative explanations for success on the MSR test which do not
involve self-related processing (e.g. Heyes, 1994). In the current study,
we addressed this challenge by asking whether a functional network of
brain regions –the so-called default mode network which is commonly
thought to be involved in psychological or cognitive self-related pro-
cessing in adults – is associated with MSR in infancy. Specifically, we
hypothesized that if the MSR task reflects self-related processing
(Bischof-Köhler, 2012; Howe et al., 1993) and not merely recognition of
the physical self (Heyes, 1994), or a matching of seen and felt move-
ments (Mitchell, 1993a,b), then resting-state activity in regions com-
prising the DMN – thought to reflect self-related processing in adults -
might be expected to be higher in those toddlers who do recognize
themselves in the mirror, compared with those who do not show evi-
dence of mirror self-recognition. Our findings support this hypothesis
and suggest that fronto-temporoparietal connectivity is associated with
self-recognition in infancy, suggesting that this measure might be
considered as a possible neural marker for the development of the sense
of self in early development.
While we cannot claim that this fronto-temporoparietal connectivity
reflects the entire DMN, this increased connectivity in recognizers is
consistent with previous adult reports of a link between frontal and
temporoparietal areas and the sense of self (Davey et al., 2016; Molnar-
Szakacs and Uddin, 2013; Philippi, 2012). Indeed, our hypothesis was
generated based on the known role of the DMN in self-related proces-
sing (Davey et al., 2016; Golland et al., 2008; Molnar-Szakacs and
Uddin, 2013; Raichle, 2015; Sporns, 2010), and the hypothesized as-
sociation between MSR and self-awareness (Asendorpf et al., 1996;
Bischof-Köhler, 2012; Lewis and Ramsay, 2004; Rochat, 2003; Savanah,
2013; Suddendorf and Butler, 2013). Thus, the observed pattern of
stronger fronto-temporoparietal connectivity exhibited by toddlers who
demonstrated mirror self-recognition at 18 months of age, might
plausibly be supported by an advanced integration in a network of core
areas for self-processing. The functional connections between these
areas at rest, present to a greater extent in those toddlers who exhibited
self-recognition, may plausibly underlie an ongoing process of mon-
itoring self-relevant internal signals and thoughts during the absence of
any specific cognitive and social stimulation. However, while we found
a relationship between functional connectivity in this self-related pro-
cessing network of brain regions and mirror self-recognition, we do not
know what role activation in these regions plays in the ability to exhibit
MSR. One possibility is that some minimal level of functional con-
nectivity between regions of the DMN is required for self-recognition
because the DMN supports self-related processing, and MSR reflects
self-related processing. While our data is consistent with such an in-
terpretation, we also recognize that without longitudinal measure-
ments, we cannot claim a causal relationship between RSFC in the DMN
and success on the MSR task. It is also possible that those infants who
recognize themselves in the mirror at 18 months, had greater RSFC
within this same network of brain regions at a much younger age, and
increased integration between these regions facilitates a range of abil-
ities, only one of which is self-recognition and self-awareness. Thus,
while our data are consistent with the purported relationship between
mirror self-recognition and self-awareness supported by regions com-
prising the DMN, longitudinal work would be needed to explore whe-
ther development of the DMN is causally related to MSR.
Our finding of a possible role for the fronto-temporoparietal con-
nections in the emergence of self-awareness is broadly consistent with
the only previous study which has investigated the neural basis of MSR
in toddlers. In that study, Lewis and Carmody (2008) found that tod-
dlers who recognized themselves in the mirror showed greater ma-
turation of the left TPJ, a region involved in the DMN. In the current
study however, the vast majority of the fronto-temporoparietal con-
nections that were stronger in Recognizers than in Non-Recognizers
were observed in the right hemisphere, a tendency which has also been
reported in previous adult studies (Keenan et al., 2001; Kircher et al.,
2001; Molnar-Szakacs and Uddin, 2013; Platek et al., 2004, 2006;
Sugiura et al., 2005). Moreover, a recent study that aimed to identify
structural brain correlates of MSR in chimpanzees, reported increased
right hemisphere fronto-parietal white matter connectivity in chim-
panzees who passed the MSR task (Hecht et al., 2017). While these
previous studies analysed structural connectivity, our study provides
additional evidence for the importance of this network of brain regions
by demonstrating a relationship between functional connectivity in
these areas, and MSR. However, as evidence of a possible lateralisation
of the neural correlates of emerging self-awareness is still very limited,
this hemisphere-specific effect would benefit from confirmatory re-
plication.
An alternative interpretation of our findings should acknowledge
the possibility that the functional connectivity we observe in the
Recognisers reflects a generally more mature brain, which also gives
rise to a more mature level of self-awareness (Fair et al., 2008; Gao
et al., 2009, 2014; Nathan Spreng and Schacter, 2012). Recognizers also
showed increased brain connectivity on channels outside the DMN.
When data are averaged across ROIs, the greater connectivity displayed
by the Recognisers seems to be specific of the DMN network, both in the
HbO2 and in the HHb signal, which might suggest that differences in
connectivity between the two groups were specific to regions belonging
to the DMN. This would be consistent with previous studies which have
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found differences in empathy (Bischof-Köhler, 2012) and white matter
maturation (Lewis and Carmody, 2008) related to the development of
the sense of self, even when controlling for age. However, the only way
to know whether infants who show MSR have specifically increased
RSFC in the DMN, or have broadly more mature brains, would be to
acquire MRI images to assess structural and functional connectivity and
cortical thickness as an index of maturation of the brain. Nevertheless,
even if these functional connectivity differences between Recognizers
and Non-Recognisers were not specific to the DMN, it may still be that
DMN maturity plays a specific role in promoting self-recognition.
Another limitation of this study is the fact that we were unable to
investigate connectivity in the entire DMN, as we could only measure
from the surface of the cortex that is accessible by fNIRS. However, we
benefited from the excellent suitability of fNIRS for the acquisition of
resting-state data from toddlers during quiet wakefulness, which most
closely approximates the recording conditions under which resting-
state data is typically acquired in adults. As a result, our data were
likely less affected by motion artefacts than it would have been had we
used fMRI. The high consistency between the HbO2 and the HHb signals
is in line with fNIRS resting-state data acquired by previous studies,
suggesting reliability of the data acquired (Lu et al., 2010; Mesquita
et al., 2010; Niu and He, 2014; Niu et al., 2011; White et al., 2009).
With this study, we have shown that fronto-temporoparietal func-
tional connectivity, considered here as a possible proxy for the DMN,
may play a role in emerging self-awareness. Given the considerable
volume of data suggesting that the DMN is involved in self-related
processing, we consider the observed positive relationship between
fronto-temporoparietal functional connectivity and MSR to be con-
sistent with the hypothesis that MSR reflects self-awareness. If this is
the case, future research should find that the same brain regions are
recruited during active tasks of self-processing in infants, if it were
possible to collect this data during the process of mirror self-recogni-
tion. In fact, several adult studies have observed that two core regions
of the DMN, the mPFC and the TPJ, are recruited in self-processing
tasks (Davey et al., 2016; Kaplan et al., 2008; Kelley et al., 2002;
Kircher et al., 2000; Uddin et al., 2005). Activation of the mPFC has
been observed in tasks where participants looked at their own faces or
listened to their own voices (Kampe et al., 2003; Platek et al., 2006;
Staffen et al., 2006; Sugiura et al., 2008, 2012), but also related to
several forms of self-reflection (Jenkins and Mitchell, 2011). The TPJ
has been found to be particularly engaged in self-other distinction
(Decety and Lamm, 2007; Lamm et al., 2016; Santiesteban et al., 2015;
Steinbeis, 2016). If our interpretation of the current data as providing
support for the hypothesis that MSR entails self-awareness (Asendorpf
et al., 1996; Rochat, 2003; Rochat and Zahavi, 2011; Suddendorf and
Butler, 2013; Zahavi et al., 2004), then we should expect to see re-
cruitment of these regions also during active tasks of self-awareness in
infants.
Declaration of Competing Interest
None.
Acknowledgments
We are very grateful to all the toddlers and parents who participated
in this study. We thank Sana Erik and Giulia Ghillia for research as-
sistance. This work was supported by a Leverhulme Trust Research
project grant (RPG-2015-115) and undertaken at the Centre for Brain
and Cognitive Development, Birkbeck College, London. Chiara
Bulgarelli and Anna Blasi were supported by the Birkbeck Wellcome
Trust Institutional Strategic Support Fund (ISSF) (105628/Z/14/Z and
204770/Z/16/Z). John E. Richards was supported by R01 HD18942
and R03 HD091464NICHD grants. Antonia Hamilton was additionally
supported by ERC grant INTERACT313398 and Victoria Southgate by
ERC grant DEVOMIND726114 and by a Wellcome Trust Research
Career Development Fellowship (088427/Z/09/Z).
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.dcn.2019.100676.
References
Amsterdam, B., 1972. Mirror self-image reactions before age two. Dev. Psychobiol. 5 (4),
297–305. https://doi.org/10.1002/dev.420050403.
Anderson, J.S., Ferguson, M.A., Lopez-Larson, M., Yurgelun-Todd, D., 2011.
Reproducibility of single-subject functional connectivity measurements. Am. J.
Neuroradiol. 32 (3), 548–555. https://doi.org/10.3174/ajnr.A2330.
Asendorpf, J.B., Baudonnière, P.M., 1994. Self-awareness and other-awareness: mirror
self-recognition and synchronic imitation among unfamiliar peers. Dev. Psychol. 29
(1), 88–95. https://doi.org/10.1037/0012-1649.29.1.88. 1.
Asendorpf, J.B., Warkentin, V., Baudonni, P.M., 1996. Self-Awareness and other-aware-
ness II: mirror self-recognition, social contingency awareness, and synchronic imi-
tation. Dev. Psychol. 32 (2), 313–321.
Bard, K.A., Todd, B.K., Bernier, C., Love, J., Leavens, D.A., 2006. Self-awareness in human
and chimpanzee infants: what is measured and what is meant by the mark and mirror
test? Infancy 9 (2), 191–219. https://doi.org/10.1207/s15327078in0902_6.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. https://doi.org/10.2307/
2346101.
Bischof-Köhler, D., 2012. Empathy and self-recognition in phylogenetic and ontogenetic
perspective. Emot. Rev. 4 (1), 40–48. https://doi.org/10.1177/1754073911421377.
Brandl, J.L., 2016. The puzzle of mirror self-recognition. Phenomenol. Cogn. Sci. 17 (2),
279–304. https://doi.org/10.1007/s11097-016-9486-7.
Buckner, R.L., Carroll, D.C., 2007. Self-projection and the brain. Trends Cogn. Sci. 11 (2),
49–57. https://doi.org/10.1016/j.tics.2006.11.004.
Cantlon, J.F., Li, R., 2013. Neural activity during natural viewing of sesame street sta-
tistically predicts test scores in early childhood. PLoS Biol. 11 (1). https://doi.org/10.
1371/journal.pbio.1001462.
Chou, Y.H., Sundman, M., Whitson, H.E., Gaur, P., Chu, M.L., Weingarten, C.P., et al.,
2017. Maintenance and representation of mind wandering during resting-state fMRI.
Sci. Rep. 7. https://doi.org/10.1038/srep40722.
Conroy, B.R., Singer, B.D., Guntupalli, J.S., Ramadge, P.J., Haxby, J.V., 2013. Inter-
subject alignment of human cortical anatomy using functional connectivity.
NeuroImage 81, 400–411. https://doi.org/10.1016/j.neuroimage.2013.05.009.
Damasio, A., 1999. The Feeling of What Happens: Body and Emotion in the Making of
Consciousness. Vintage, London, UK.
Davey, C.G., Pujol, J., Harrison, B.J., 2016. Mapping the self in the brain’s default mode
network. NeuroImage 132, 390–397. https://doi.org/10.1016/j.neuroimage.2016.
02.022.
Decety, J., Lamm, C., 2007. The role of the right temporoparietal junction in social in-
teraction: How low-level computational processes contribute to meta-cognition.
Neuroscientist 13 (6), 580–593. https://doi.org/10.1177/1073858407304654.
Dennett, D.C., 1989. The Intentional Stance. Bradford Bookhttps://doi.org/10.2307/
2185215.
Durantin, G., Dehais, F., Delorme, A., 2015. Characterization of mind wandering using
fNIRS. Front. Syst. Neurosci. 9. https://doi.org/10.3389/fnsys.2015.00045.
Elwell, C.E., 1995. In: Hamamatsu Photonics KK (Hamamatsu) (Ed.), A Practical Users
Guide to Near Infrared Spectroscopy. Hamamatsu Photonics KK, London (UK).
Emberson, L.L., Richards, J.E., Aslin, R.N., 2015. Top-down modulation in the infant
brain: learning-induced expectations rapidly affect the sensory cortex at 6 months.
Proc. Natl. Acad. Sci. U. S. A. 112 (31), 9585–9590. https://doi.org/10.1073/pnas.
1510343112.
Everdell, N.L., Gibson, A.P., Tullis, I.D.C., Vaithianathan, T., Hebden, J.C., Delpy, D.T.,
2005. A frequency multiplexed near-infrared topography system for imaging func-
tional activation in the brain. Rev. Sci. Instrum. 76 (9). https://doi.org/10.1063/1.
2038567.
Fair, D.A., Cohen, A.L., Dosenbach, N.U.F., Church, J.A., Miezin, F.M., Barch, D.M., et al.,
2008. The maturing architecture of the brain’s default network. Proc. Natl. Acad. Sci.
105 (10), 4028–4032. https://doi.org/10.1073/pnas.0800376105.
Fang, Q., Boas, D.A., 2009. Monte Carlo Simulation of Photon Migration in 3D Turbid
Media Accelerated by Graphics Processing Units. Opt. Express. https://doi.org/10.
1364/OE.17.020178.
Ferrari, M., Quaresima, V., 2012. NeuroImage A brief review on the history of human
functional near-infrared spectroscopy (fNIRS) development and fi elds of application.
NeuroImage 63 (2), 921–935. https://doi.org/10.1016/j.neuroimage.2012.03.049.
Filippetti, M.L., Lloyd-Fox, S., Longo, M.R., Farroni, T., Johnson, M.H., 2015. Neural
mechanisms of body awareness in infants. Cereb. Cortex 25 (10), 3779–3787.
https://doi.org/10.1093/cercor/bhu261.
Finn, E.S., Scheinost, D., Finn, D.M., Shen, X., Papademetris, X., Constable, R.T., 2017.
Can brain state be manipulated to emphasize individual differences in functional
connectivity? NeuroImage (March), 1–12. https://doi.org/10.1016/j.neuroimage.
2017.03.064.
Fransson, P., Åden, U., Blennow, M., Lagercrantz, H., 2011. The functional architecture of
C. Bulgarelli, et al. Developmental Cognitive Neuroscience 38 (2019) 100676
10
the infant brain as revealed by resting-state fMRI. Cereb. Cortex 21 (1), 145–154.
https://doi.org/10.1093/cercor/bhq071.
Gadlin, H., Ingle, G., 1975. Through the one-way mirror: the limits of experimental self-
reflection. Am. Psychol. 30 (October), 1003–1009. https://doi.org/10.1037/0003-
066X.30.10.1003.
Gallup, G.G., Platek, S.M., Spaulding, K.N., 2016. The nature of visual self-recognition
revisited. Trends Cogn. Sci. 18 (2), 57–58.
Gao, W., Elton, A., Zhu, H., Alcauter, S., Smith, J.K., Gilmore, J.H., Lin, W., 2014.
Intersubject variability of and genetic effects on the brain’s functional connectivity
during infancy. J. Neurosci. 34 (34), 11288–11296. https://doi.org/10.1523/
JNEUROSCI.5072-13.2014.
Gao, W., Zhu, H., Giovanello, K.S., Smith, J.K., Shen, D., Gilmore, J.H., Lin, W., 2009.
Evidence on the emergence of the brain’s default network from 2-week-old to 2-year-
old healthy pediatric subjects. Proc. Natl. Acad. Sci. U. S. A. 106 (16), 6790–6795.
https://doi.org/10.1073/pnas.0811221106.
Gao, Wei, Lin, W., Grewen, K., Gilmore, J.H., 2017. Functional connectivity of the infant
human brain: plastic and modifiable. Neuroscientist 23 (2), 169–184. https://doi.
org/10.1177/1073858416635986.
Gillihan, S.J., Farah, M.J., 2005. Is self special? A critical review of evidence from ex-
perimental psychology and cognitive neuroscience. Psychol. Bull. 131 (1), 76–97.
https://doi.org/10.1037/0033-2909.131.1.76.
Glenn, O.A., 2010. MR imaging of the fetal brain. Pediatr. Radiol. 40, 68–81. https://doi.
org/10.1007/s00247-009-1459-3.
Golland, Y., Golland, P., Bentin, S., Malach, R., 2008. Data-driven clustering reveals a
fundamental subdivision of the human cortex into two global systems.
Neuropsychologia 46 (2), 540–553. https://doi.org/10.1016/j.neuropsychologia.
2007.10.003.
Greicius, M.D., Krasnow, B., Reiss, A.L., Menon, V., 2003. Functional connectivity in the
resting brain: a network analysis of the default mode hypothesis. Proc. Natl. Acad.
Sci. U. S. A. 100 (1), 253–258. https://doi.org/10.1073/pnas.0135058100.
Harley, K., Reese, E., 1999. Origins of autobiographical memory. Dev. Psychol. 35 (5),
1338–1348. https://doi.org/10.1037/0012-1649.35.5.1338.
Harrison, B.J., Pujol, J., Lopez-Sola, M., Hernandez-Ribas, R., Deus, J., Ortiz, H., et al.,
2008. Consistency and functional specialization in the default mode brain network.
Proc. Natl. Acad. Sci. 105 (28), 9781–9786. https://doi.org/10.1073/pnas.
0711791105.
Hecht, E.E., Mahovetz, L.M., Preuss, T.M., Hopkins, W.D., 2017. A neuroanatomical
predictor of mirror self-recognition in chimpanzees. Soc. Cogn. Affect. Neurosci. 12
(1), 37–48. https://doi.org/10.1093/scan/nsw159.
Heyes, C.M., 1994. Reflections on self-recognition in primates. Anim. Behav. 47 (4).
Homae, F., Watanabe, H., Nakano, T., Taga, G., 2011. Large-scale brain networks un-
derlying language acquisition in early infancy. Front. Psychol. 2 (May), 93. https://
doi.org/10.3389/fpsyg.2011.00093.
Hoshi, Y., 2016. Hemodynamic signals in fNIRS. Prog. Brain Res. 225, 153–179. https://
doi.org/10.1016/bs.pbr.2016.03.004.
Howe, M.L., Courage, M.L., Bryant-Brown, L., 1993. Reinstating preschoolers’ memories.
Dev. Psychol. 29 (5), 854–869. https://doi.org/10.1037/0012-1649.29.5.854.
James, W., 1890. The Principles of Psychology Vols. 1 & 2 Holt, New York. https://doi.
org/10.1037/10538-000.
Jenkins, A.C., Mitchell, J.P., 2011. Medial prefrontal cortex subserves diverse forms of
self-reflection. Soc. Neurosci. 6 (3), 211–218. https://doi.org/10.1080/17470919.
2010.507948.
Kampe, K.K.W., Frith, C.D., Frith, U., 2003. ‘Hey John’: signals conveying communicative
intention toward the self activate brain regions associated with ‘mentalizing,’ re-
gardless of modality. J. Neurosci. 23 (12), 5258–5263. https://doi.org/10.1002/
hbm.21164.
Kaplan, J.T., Aziz-Zadeh, L., Uddin, L.Q., Iacoboni, M., 2008. The self across the senses:
an fMRI study of self-face and self-voice recognition. Soc. Cogn. Affect. Neurosci. 3
(3), 218–223. https://doi.org/10.1093/scan/nsn014.
Keenan, J.P., Nelson, a, O’Connor, M., Pascual-Leone, a., 2001. Self-recognition and the
right hemisphere. Nature 409 (6818), 305. https://doi.org/10.1038/35053167.
Kelley, W.M., Macrae, C.N., Wyland, C.L., Caglar, S., Inati, S., Heatherton, T.F., 2002.
Finding the self? An event-related fMRI study. J. Cogn. Neurosci. 14 (5), 785–794.
https://doi.org/10.1162/08989290260138672.
Kircher, T.T.J., Senior, C., Phillips, M.L., Benson, P.J., Bullmore, E.T., Brammer, M., et al.,
2000. Towards a functional neuroanatomy of self processing: effects of faces and
words. Cogn. Brain Res. 10 (1–2), 133–144. https://doi.org/10.1016/S0926-
6410(00)00036-7.
Kircher, T.T.J., Senior, C., Phillips, M.L., Rabe-Hesketh, S., Benson, P.J., Bullmore, E.T.,
et al., 2001. Recognizing one’s own face. Cognition 78 (1). https://doi.org/10.1016/
S0010-0277(00)00104-9.
Kristen-Antonow, S., Sodian, B., Perst, H., Licata, M., 2015. A longitudinal study of the
emerging self from 9 months to the age of 4 years. Front. Psychol. 6 (June), 789.
https://doi.org/10.3389/fpsyg.2015.00789.
Lamm, C., Bukowski, H., Silani, G., 2016. From shared to distinct self–other representa-
tions in empathy: evidence from neurotypical function and socio-cognitive disorders.
Philos. Trans. R. Soc. B: Biol. Sci. 371 (1686), 20150083. https://doi.org/10.1098/
rstb.2015.0083.
Lee, H.L., Zahneisen, B., Hugger, T., LeVan, P., Hennig, J., 2013. Tracking dynamic
resting-state networks at higher frequencies using MR-encephalography. NeuroImage
65, 216–222. https://doi.org/10.1016/j.neuroimage.2012.10.015.
Lewis, M., Carmody, D.P., 2008. Self-representation and brain development. Dev.
Psychol. 44 (5), 1329–1334. https://doi.org/10.1037/a0012681.
Lewis, M., Ramsay, D., 2004. Development of self-recognition, personal pronoun use, and
pretend play during the 2nd year. Child Dev. 75 (6), 1821–1831. https://doi.org/10.
1111/j.1467-8624.2004.00819.x.
Li, W., Mai, X., Liu, C., 2014. The default mode network and social understanding of
others: what do brain connectivity studies tell us. Front. Hum. Neurosci. 8 (February),
74. https://doi.org/10.3389/fnhum.2014.00074.
Liang, L.Y., Chen, J.J., Shewokis, P.A., Getchell, N., 2016. Developmental and condition-
related changes in the prefrontal cortex activity during rest. J. Behav. Brain Sci. 6,
485–497.
Lloyd-Fox, S., Blasi, A., Elwell, C.E., 2010. Illuminating the developing brain: the past,
present and future of functional near infrared spectroscopy. Neurosci. Biobehav. Rev.
34 (3), 269–284. https://doi.org/10.1016/j.neubiorev.2009.07.008.
Loveland, K.A., 1986. Discovering the affordances of a reflecting surface. Dev. Rev. 6 (1),
1–24. https://doi.org/10.1016/0273-2297(86)90001-8.
Lu, C.M., Zhang, Y.J., Biswal, B.B., Zang, Y.F., Peng, D.L., Zhu, C.Z., 2010. Use of fNIRS to
assess resting state functional connectivity. J. Neurosci. Methods 186 (2), 242–249.
https://doi.org/10.1016/j.jneumeth.2009.11.010.
Mars, R.B., Neubert, F.-X., Noonan, M.P., Sallet, J., Toni, I., Rushworth, M.F.S., 2012. On
the relationship between the “default mode network” and the “social brain”. Front.
Hum. Neurosci. 6 (June), 1–9. https://doi.org/10.3389/fnhum.2012.00189.
Mason, M.F., Norton, M.I., Van Horn, J.D., Wegner, D.M., Grafton, S.T., Macrae, C.N.,
2007. Wandering minds: the default network and stimulus-independent thought.
Science 315 (5810), 393–395. https://doi.org/10.1126/science.1131295.
McKiernan, K.A., D’Angelo, B.R., Kaufman, J.N., Binder, J.R., 2006. Interrupting the
‘stream of consciousness’: an fMRI investigation. NeuroImage 29 (4), 1185–1191.
https://doi.org/10.1016/j.neuroimage.2005.09.030.
Mesquita, R.C., Franceschini, Ma., Boas, D.A., 2010. Resting state functional connectivity
of the whole head with near-infrared spectroscopy. Biomed. Opt. Express 1 (1),
324–336. https://doi.org/10.1364/boe.1.000324.
Mitchell, R.W., 1993a. Mental models of mirror-self-recognition: two theories. New Ideas
Psychol. 11 (3), 295–325. https://doi.org/10.1016/0732-118X(93)90002-U.
Mitchell, Robert W., 1993b. Recognizing one’s self in a mirror? A reply to Gallup and
Povinelli, de Lannoy, Anderson, and Byrne. New Ideas Psychol. 11 (3), 351–377.
https://doi.org/10.1016/0732-118X(93)90007-Z.
Molnar-Szakacs, I., Uddin, L.Q., 2013. Self-processing and the default mode network:
interactions with the mirror neuron system. Front. Hum. Neurosci. 7 (September),
571. https://doi.org/10.3389/fnhum.2013.00571.
Müller, B.C.N., Kühn-Popp, N., Meinhardt, J., Sodian, B., Paulus, M., 2015. Long-term
stability in children’s frontal EEG alpha asymmetry between 14-months and 83-
months. Int. J. Dev. Neurosci. 41, 110–114. https://doi.org/10.1016/j.ijdevneu.
2015.01.002.
Nathan Spreng, R., Schacter, D.L., 2012. Default network modulation and large-scale
network interactivity in healthy Young and old adults. Cereb. Cortex 22 (11),
2610–2621. https://doi.org/10.1093/cercor/bhr339.
Neisser, U., 1988. Five kinds of self knowledge. Philos. Psychol. 1 (1), 35–59. https://doi.
org/10.1080/09515088808572924.
Nielsen, M., Dissanayake, C., Kashima, Y., 2003. A longitudinal investigation of self-other
discrimination and the emergence of mirror self-recognition. Infant Behav. Dev. 26
(2), 213–226. https://doi.org/10.1016/S0163-6383(03)00018-3.
Niu, H., He, Y., 2014. Resting-state functional brain connectivity: lessons from functional
near-infrared spectroscopy. Neuroscientist. https://doi.org/10.1177/
1073858413502707.
Niu, H., Khadka, S., Tian, F., Lin, Z.-J., Lu, C., Zhu, C., Liu, H., 2011. Resting-state
functional connectivity assessed with two diffuse optical tomographic systems. J.
Biomed. Opt. 16 (4). https://doi.org/10.1117/1.3561687.
Northoff, G., Heinzel, A., de Greck, M., Bermpohl, F., Dobrowolny, H., Panksepp, J., 2006.
Self-referential processing in our brain-A meta-analysis of imaging studies on the self.
NeuroImage 31 (1), 440–457. https://doi.org/10.1016/j.neuroimage.2005.12.002.
Østby, Y., Walhovd, K.B., Tamnes, C.K., Grydeland, H., Westlye, L.T., Fjell, A.M., 2012.
Mental time travel and default-mode network functional connectivity in the devel-
oping brain. Proc. Natl. Acad. Sci. 109 (42), 16800–16804. https://doi.org/10.1073/
pnas.1210627109.
Panksepp, J., 1998. The periconscious substrates of consciousness: affective states and the
evolutionary origins of the self. J. Conscious. Stud. 5 (5), 566–582.
Philippi, Carissa L., Tranel, D., Duff, M., Rudrauf, D., 2014. Damage to the default mode
network disrupts autobiographical memory retrieval. Soc. Cogn. Affect. Neurosci.
nsu070. https://doi.org/10.1093/scan/nsu070.
Philippi, Carissa Louise, 2012. The dynamic self: Exploring the critical role of the Default
Mode Network in self-referential processing. Dissertation Abstracts International:
Section B: The Sciences and Engineering.
Platek, S.M., Keenan, J.P., Gallup, G.G., Mohamed, F.B., 2004. Where am I? The neuro-
logical correlates of self and other. Cogn. Brain Res. 19 (2), 114–122. https://doi.org/
10.1016/j.cogbrainres.2003.11.014.
Platek, S.M., Loughead, J.W., Gur, R.C., Busch, S., Ruparel, K., Phend, N., et al., 2006.
Neural substrates for functionally discriminating self-face from personally familiar
faces. Hum. Brain Mapp. 27 (2), 91–98. https://doi.org/10.1002/hbm.20168.
Prudhomme, N., 2005. Early declarative memory and self-concept. Infant Behav. Dev. 28
(2), 132–144. https://doi.org/10.1016/j.infbeh.2005.01.002.
Raichle, M.E., 2015. The brain’s default mode network. Annu. Rev. Neurosci. (April),
413–427. https://doi.org/10.1146/annurev-neuro-071013-014030.
Rochat, P., 2003. Five levels of self-awareness as they unfold early in life. Conscious.
Cogn. 12 (4), 717–731. https://doi.org/10.1016/S1053-8100(03)00081-3.
Rochat, P., 2010. Social contingency and infant development. Infant Behav. Dev. 65 (3),
347–360. https://doi.org/10.1016/S0163-6383(98)91348-0.
Rochat, P., Zahavi, D., 2011. The uncanny mirror: a re-framing of mirror self-experience.
Conscious. Cogn. 20 (2), 204–213. https://doi.org/10.1016/j.concog.2010.06.007.
Rosenbaum, D., Haipt, A., Fuhr, K., Haeussinger, F.B., Metzger, F.G., Nuerk, H.C., et al.,
2017. Aberrant functional connectivity in depression as an index of state and trait
rumination. Sci. Rep. 7 (1). https://doi.org/10.1038/s41598-017-02277-z.
C. Bulgarelli, et al. Developmental Cognitive Neuroscience 38 (2019) 100676
11
Sabuncu, M.R., Singer, B.D., Conroy, B., Bryan, R.E., Ramadge, P.J., Haxby, J.V., 2010.
Function-based intersubject alignment of human cortical anatomy. Cereb. Cortex 20
(1), 130–140. https://doi.org/10.1093/cercor/bhp085.
Santiesteban, I., Banissy, M.J., Catmur, C., Bird, G., 2015. Functional lateralization of
temporoparietal junction - imitation inhibition, visual perspective-taking and theory
of mind. Eur. J. Neurosci. 42 (8), 2527–2533. https://doi.org/10.1111/ejn.13036.
Sasai, S., Homae, F., Watanabe, H., Sasaki, A.T., Tanabe, H.C., Sadato, N., Taga, G., 2012.
A NIRS-fMRI study of resting state network. NeuroImage 63 (1), 179–193. https://
doi.org/10.1016/j.neuroimage.2012.06.011.
Savanah, S., 2013. Mirror self-recognition and symbol-mindedness. Biol. Philos. 28 (4),
657–673. https://doi.org/10.1007/s10539-012-9318-2.
Schilbach, L., Eickhoff, S.B., Rotarska-Jagiela, A., Fink, G.R., Vogeley, K., 2008. Minds at
rest? Social cognition as the default mode of cognizing and its putative relationship to
the ‘default system’ of the brain. Conscious. Cogn. 17 (2), 457–467. https://doi.org/
10.1016/j.concog.2008.03.013.
Singh, A.K., Dan, I., 2006. Exploring the false discovery rate in multichannel NIRS.
NeuroImage 33 (2), 542–549. https://doi.org/10.1016/j.neuroimage.2006.06.047.
Sporns, O., 2010. Networks of the brain: quantitative analysis and modeling. Anal. Funct.
Large-Scale Brain Netw. 7, 7–13.
Staffen, W., Kronbichler, M., Aichhorn, M., Mair, A., Ladurner, G., 2006. Selective brain
activity in response to one’s own name in the persistent vegetative state [3]. J.
Neurol. Neurosurg. Psychiatr. 77 (12), 1383–1384. https://doi.org/10.1136/jnnp.
2006.095166.
Steinbeis, N., 2016. The role of self-other distinction in understanding others’ mental and
emotional states: neurocognitive mechanisms in children and adults. Philos. Trans. R.
Soc. B Biol. Sci. 371 (1686). https://doi.org/10.1098/rstb.2015.0074.
Suddendorf, T., 2003. Early representational insight: twenty-four-month-olds can use a
photo to find an object in the world. Child Dev. 74 (3), 896–904. https://doi.org/10.
1111/1467-8624.00574.
Suddendorf, T., Butler, D.L., 2013. The nature of visual self-recognition. Trends Cogn. Sci.
17 (3), 121–127. https://doi.org/10.1016/j.tics.2013.01.004.
Sugiura, M., Sassa, Y., Jeong, H., Horie, K., Sato, S., Kawashima, R., 2008. Face-specific
and domain-general characteristics of cortical responses during self-recognition.
NeuroImage 42 (1), 414–422. https://doi.org/10.1016/j.neuroimage.2008.03.054.
Sugiura, Motoaki, Sassa, Y., Jeong, H., Wakusawa, K., Horie, K., Sato, S., Kawashima, R.,
2012. Self-face recognition in social context. Hum. Brain Mapp. 33 (6), 1364–1374.
https://doi.org/10.1002/hbm.21290.
Sugiura, Motoaki, Watanabe, J., Maeda, Y., Matsue, Y., Fukuda, H., Kawashima, R., 2005.
Cortical mechanisms of visual self-recognition. NeuroImage 24 (1), 143–149. https://
doi.org/10.1016/j.neuroimage.2004.07.063.
Tachtsidis, I., Scholkmann, F., 2016. False positives and false negatives in functional near-
infrared spectroscopy: issues, challenges, and the way forward. Neurophotonics 3 (3),
031405. https://doi.org/10.1117/1.NPh.3.3.031405.
Taga, G., Watanabe, H., Homae, F., 2011. Spatiotemporal properties of cortical haemo-
dynamic response to auditory stimuli in sleeping infants revealed by multi-channel
near-infrared spectroscopy. Philos. Trans. R. Soc. A: Math., Phys. Eng. Sci. 369
(1955), 4495–4511. https://doi.org/10.1098/rsta.2011.0238.
Uddin, L.Q., Kaplan, J.T., Molnar-Szakacs, I., Zaidel, E., Iacoboni, M., 2005. Self-face
recognition activates a frontoparietal ‘mirror’ network in the right hemisphere: an
event-related fMRI study. NeuroImage 25 (3), 926–935. https://doi.org/10.1016/j.
neuroimage.2004.12.018.
Vanderwal, T., Kelly, C., Eilbott, J., Mayes, L.C., Castellanos, F.X., 2015. Inscapes: a movie
paradigm to improve compliance in functional magnetic resonance imaging.
NeuroImage 122, 222–232. https://doi.org/10.1016/j.neuroimage.2015.07.069.
Villringer, A., Chance, B., 1997. Non-invasive optical spectroscopy and imaging of human
brain function. Trends Neurosci. 20 (10), 435–442. https://doi.org/10.1016/S0166-
2236(97)01132-6.
Wang, J., Dong, Q., Niu, H., 2017. The minimum resting-state fNIRS imaging duration for
accurate and stable mapping of brain connectivity network in children. Sci. Rep. 7
(1), 1–10. https://doi.org/10.1038/s41598-017-06340-7.
White, B.R., Snyder, A.Z., Cohen, A.L., Petersen, S.E., Raichle, M.E., Schlaggar, B.L.,
Culver, J.P., 2009. Resting-state functional connectivity in the human brain revealed
with diffuse optical tomography. NeuroImage 47 (1), 148–156. https://doi.org/10.
1016/j.neuroimage.2009.03.058.
Xiao, Y., Friederici, A.D., Margulies, D.S., Brauer, J., 2016. Longitudinal changes in
resting-state fMRI from age 5 to age 6years covary with language development.
NeuroImage 128, 116–124. https://doi.org/10.1016/j.neuroimage.2015.12.008.
Xu, X., Yuan, H., Lei, X., 2016. Activation and connectivity within the default mode
network contribute independently to future-oriented thought. Sci. Rep. 6. https://
doi.org/10.1038/srep21001.
Yang, X.F., Bossmann, J., Schiffhauer, B., Jordan, M., Immordino-Yang, M.H., 2013.
Intrinsic default mode network connectivity predicts spontaneous verbal descriptions
of autobiographical memories during social processing. Front. Psychol. 3 (January).
https://doi.org/10.3389/fpsyg.2012.00592.
Zahavi, D., 2017. Thin, thinner, thinnest: defining the minimal self. Embodiment,
Enaction, and Culture: Investigating the Consitution of the Shared World. pp. 1–11.
Zahavi, D., Grünbaum, T., Parnas, J., 2004. The Structure and Development of Self-
consciousness: Interdisciplinary Perspectives.
Zahavi, D., Roepstorff, A., 2011. Faces and ascriptions: mapping measures of the self.
Conscious. Cogn. 20 (1), 141–148. https://doi.org/10.1016/j.concog.2010.10.011.
Zmyj, N., Prinz, W., Daum, M.M., 2013. The relation between mirror self-image reactions
and imitation in 14- and 18-month-old infants. Infant Behav. Dev. 36 (4), 809–816.
https://doi.org/10.1016/j.infbeh.2013.09.002.
C. Bulgarelli, et al. Developmental Cognitive Neuroscience 38 (2019) 100676
12
